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Abstract 

Introduction. Publications on sintered metal powder parts consider interparticle bonding in hot-deformed materials and 
features of low-alloy structural steels, as well as the use of carbon-containing materials. The authors of the presented 
article have previously investigated sintering in relation to structural changes in the material, described changes in 
physical and mechanical properties, reduction of oxides, recrystallization, etc. This paper shows the relationship of 
mechanical properties of powder steels with the parameters of intracrystalline bonding. The kinetics of its development 
during sintering is demonstrated for the first time. The study objective is to find out how sintering affects the 
interparticle bonding and structure of powder alloys with iron and carbon. The task is to study the technological modes 
of sintering samples from alloyed and pure iron powder to achieve the best mechanical characteristics. 

Materials and Methods. The powders of the Héganés company were sintered at a temperature of 900-1150 °C for 0.5— 
2.5 hours. The protective gas medium (dissociated ammonia) made it possible to prevent oxidative and other sintering 
reactions. For static cold pressing, a hydraulic press 2PG-125 with a maximum force of 1250 kN was used. 

Results. For the first time, the presence of intracrystalline bonding mechanisms with different intensity during sintering 
has been experimentally established. The dependences of the increment of the relative area of the contact surface on the 
duration of the isothermal exposure were constructed. With an increase in the sintering temperature to 1150 °C and a 
holding time of more than 80 minutes, the contact surface area gradually increased. It was shown that the samples from 
the powder grades under consideration formed an intracrystalline bonding on the entire contact surface at 1150 °C. 
Therefore, this technology can be recommended for practical use. The addition of graphite to the charge slows down the 
growth of the contact surface. At the same time, the molds from pure powder ABC100.30 and from Distaloy HP-1 
powder showed differences. In the first case, with the addition of graphite to the charge, the contact surface developed 
more intensively than in the second one. The obtained results were recorded in the photo and visualized in the form of 
graphs. 

Discussion and Conclusion. According to the results of mechanical tests, it is possible to estimate the proportion of the 
contact section of the molding with intracrystalline bonding. Its feature is the structural correspondence of the 
interparticle surface of the splice and the intergrain boundary. The value of this boundary is determined by comparing 
the relative area of the contact section with the intracrystalline bonding and the relative area of the contact surface. The 
possibilities of improving the quality of bonding of powder steels by increasing the temperature and time of their 


exposure during sintering are determined. 
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AnHoTayHa 

Beedenue. B nyOnukanuax 0 CieYeHHbIX DeTaax M3 MeTaJWIMYeCKHX MOPOWIKOB paccMaTpHBalOTCA MexKYaCTHUHOe 
cpaljuBaHue B rops4ezedoOpMupoOBaHHBIX MaTepvalax WM OCOOCHHOCTH HU3KOJICrHpOBaHHbIX KOHCTPYKIMOHHBIX 
cTalieH, a TakoKe IpwMeHeHHe yrilepogqocoyepxKaljux MaTepHaloB. ABTOpbl UpefCTaBsIeHHOM CTaTbH paHee 
WCCIIeqOBaIH CiieKaHHe BO B3aHMOCBA3H CO CTpyKTYPHbIMH HW3MCHeCHHAMH MaTepHalia, OMMCbIBaJIM H3MeHeEHHe 
(pH3H4eCKMX HM MeXaHHYeCKHX CBOMCTB, BOCCTAHOBJIeHHe OKCHOB, peKpHcTawiM3alMi0 UT. 4. B WaHHoM padote 
T1OKa3aHa CBA3b M€X@HHYeCKHX CBOMCTB MOPOWKOBBIX CTaslel C MapaMeTpaMH BHYTPHKPHCTAaWIHTHOTO CpallMBaHHa. 
Knuetuka ero pa3BHTHA BO BpeMA ClieKaHHA JeMOHCTpupyetca BrepBble. Llemb uccieqoBaHua — BbIACHHTb, KaK 
cneKaHve BJIMAeT Ha Me*K4ACTHYHOe CpalMBaHHe UW CTPYKTypPy MOPOWKOBBIX CIIAaBOB C %*KeIe30M MU yruepoyoM. 
3aqaua — W3y4MTb TEXHOJIOrHYeCKHe Pe2xKUMBI CileKaHHA OOPa3{OB 3 JIeTMpOBaHHOrO HM YMCTOFO %*Kee3HOro NOpowiKa 
Wid OCTWKCHMA HavTyaWIHX MexXaHHueCcKHX XapakTepHCTHK. 

Mamepuaavi u memoooi. Mopourku dupmer «Xéranec» (Héganas) cnekaru npu Temmepatype 900-1150 °C B Teyenue 
0,5—2,5 4acon. 3alMTHad Ta30Bad cpeya ((HCCOUMMpOBaHHbIM aMMMaK) MO3BOIAa IpeOTBpaTHTb OKHCIIMTeJIbHbIC 
WU Apyrve peakyuu cnexanna. Ja ctraTwueckoro xOOHOrO peccoBaHua 3aelicTBOBaIM TuypaBIMyecKHi pecc 
2111-125 c MaxcumMasibHEIM ycusmmem 1250 KH. 

Pe3ynemamet ucciedoeanua. Briepsble 3KCIepHMeHTaJIbHO YCTaHOBJIeHO HasIM4ve pa3HbIX MO MHTeCHCHBHOCTH 
MeXaHH3MOB BHYTPHKPHCTaIMTHOTO cpalljMBaHia pH cnexanuu. IlocrpoeHbr 3aBucumMocTu mpupaljenua 
OTHOCHTeEIBHOK TWI0WaqH KOHTAKTHOM MOBepXHOCTH OT JJIMTeIbHOCTH W30TepMHYeCKONM BbIZepxKKH. C pocToM 
TeMIlepatypbI ciiekaHua fo 1150°C u Bpemenu BbIZepxKu Oonee 80 MHH TOWaqb KOHTaKTHOM MOBepxXHOCTH 
TocTelleHHo ysBesMuMBaetca. IloKa3aHo, 4TO y oOOpa3ll0B M3 paccMaTpHBaeMBIX MapoK opowKa mpu 1150 °C 
(opMupyeTcaA BHYTPHKPUCTaJIMTHOe cpalljM“BaHHe Ha BCell KOHTaKTHOM MOBepxXHOCTH. CileqoBaTeIbHO, aHHyt!oO 
TEXHOJIOFHIO MOXKHO PCKOMCHAOBATH VIA pakTH4ecKoro UcHoub30BaHHA. JloOaBeHHe B WHXTy rpautTa 3aMeyIAeT 
POCT KOHTaKTHOM NoBepxHocTH. IIpu stom dbopmoBKH 43 HHMcToro Mopomuka ABC100.30 u u3 nopomkKa Distaloy HP-1 
J{¢MOHCTpUpyloT pa3siM4uA. B nepBoM cytyyae c WOOaBIeHHeM B WHXTy rpa:buTa KOHTaKTHad MOBepXHOCTh pa3sBuBaeTCA 
MHTeHCHBHee, YeM BO BTOPOM. IlomyyeHHbIe pe3yIbTAaTbI 3aPUKCHpoOBaHbI Ha (POTO HM BH3yaIM3HpOBaHbI B BHe 
rpauKos. 

O6écyordenue u 3akniouenue. Ilo pe3yibTaTaM MeXaHHYeCKHX UCIIbITaHHH MOXKHO OLWCHHTb OO KOHTaKTHOTO 
ceyeHHa (OpMOBKH C BHYTPHKPHCTaJIIMTHbIM cpaljMBaHvem. Ero mpu3HaK — CTpyKTypHoe cCOOTBeTCTBHe 
M@2XKYACTHYHOH MOBEPXHOCTH CpalljMBaHHA WU MexK3epeHHOM TpaHHUbl. 3HaveHHe STON TpaHHUbl OMmpeyemaeTca pu 
COMOCTaBJICHHH OTHOCHTeIbHOM moWaqH4 KOHTAaKTHOrO cCe4eHHA C BHYTPHKPHCTAJIMTHBIM cpalllMBaHHeM 
MW OTHOCHTEIBHOH TIOWaqbIO KOHTAKTHOHM MOBepxXHOCTH. OnpeyeeHbI BO3MO%KHOCTH MOBbIMIeCHHA KaueCTBa 


CpalqvBaHuA MOPOMWKOBBIX cTasle 3a CueT YBCJINUeHHA TEMIIepaTypbl WH BPCMeCHH UX BbIAeCp2KKH pH CiieKaHHu 
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Introduction. Sintered parts from traditional and new compositions are widely used in industry. The latter include 
partially alloyed powders, nanopowders. The emergence of new initial structural materials requires additional study of 
the processes of formation of consolidated materials at all technological stages. 

Since the beginning of the 21st century, there has been a growing interest of scientists in this topic [1—7]. For 
example, interparticle bonding during the formation of hot-deformed powder materials has been studied. The features of 
low-alloy structural steels in such processes were described. Deformation and compaction of powder materials were 
considered. In, the authors identified patterns of mechanical properties depending on the heat treatment modes, which 
also affect the quality of interparticle contacts of powder materials. Works [8-10] focus on the study of carbon- 
containing materials for the manufacture of powder parts from hard alloys. In addition, sintering process is simulated 
under various modes. 

In the early works of the authors of the presented article, sintering process was investigated depending on the 
structural changes of the material. The removal of residual stresses after pressing, changes in physical and mechanical 
properties, reduction of oxides, recrystallization, etc. are described. Let us note that sintering of powder steels is a 
complex and not fully studied process. This work continues the study of interparticle interactions of powder steels. The 
relationship between their mechanical properties and the quality of intracrystalline bonding is revealed. The authors 
demonstrated for the first time the kinetics of the development of intracrystalline bonding for the studied materials 
during sintering. Various modes of sintering of samples are analyzed; the proportions of the contact section of the 
molding with intracrystalline bonding of powder materials are estimated. 

The work objective is to find out how sintering affects interparticle bonding and structure of powder alloys with iron 
and carbon. The task is to study the technological modes of sintering samples from alloyed and pure iron powder to 
achieve maximum mechanical characteristics that ensure the formation of high-quality interparticle bonding. 

Materials and Methods. During sintering, the formation of the contact surface of the powder material is considered 
from the standpoint of its initial state, which changes during exposure at high temperature. That is, we are talking about 
a sequential increment of the contact surface. 

For static cold pressing, 2PG-125 hydraulic press with a maximum force of 1250 KN was used. Sintering was carried 
out at a temperature of 900-1150 °C for 0.5—2.5 hours. To prevent oxidative and other sintering reactions, a protective 
gas medium (dissociated ammonia) was provided. 

Iron powders of the Swedish company Hogans [1—3] were used in the work (Table 1). 


Table | 
Types and characteristics of the powders used by the Swedish company Héganis 
Powder type Method of production 
ABC100.30 Spraying of iron melt 
Distaloy HP-1 Double diffusion alloying of Astaloy 85Mo powder: 1.5% Mo+4%Ni,2%Cu 
Data on the total chemical composition are presented in Table 2. 
Table 2 
Chemical composition of the powders studied 
Content of elements, mass. % 
Powder type - - 
C O Mo Ni Cu Mn Si S P 
ABC100.30 0.001 0.04 = = = 0.06 0.007 0.01 0.004 
Distaloy HP-1 0.01 0.08 1,5 4 2 0.08 0.005 0.03 0.003 
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In the processes under consideration, sintering is both a final and an intermediate operation [1—4]. In the first case, 
the consolidation of the material ends at this stage. The sintering process, in addition to structural changes in the 
material, contributes to: 

— removal of residual stresses after pressing; 

— changes in the physical and mechanical properties of the material; 

— reduction of oxides; 

—recrystallization, etc. 

Determining the technological parameters of sintering presses are: temperature regime, sintering duration, 
parameters of pretreatment of material particles by pressure, etc. 

In the second case, the subsequent thermomechanical action plays an essential role in the structure formation of the 
material, and sintering is considered as a preparatory stage, the main purpose of which is the homogenization of the 
metal base. 

With the development of the basic provisions of works [1, 2,5], the essence of the intensity and efficiency of 
sintering was clarified. These indicators allow us to judge the change in size, the development of the structure and 
properties of sintered materials. According to works [5—8], a method for determining the relative area of the contact 
surface of a porous body has been created. 

Results. When sintering charges from ABC.100.30 and Distaloy HP—1 powders, the dependences of the 
development of the contact surface on the initial density, temperature and sintering time were obtained (Fig. 1, 2). At 
the same time, they we guided by the material described in [5]. 
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Fig. 1. Dependence of the increment of the contact surface relative area on the duration of isothermal exposure during sintering 


of the molding from ABC100.30 +0.5%C powder for different initial densities and temperatures: 1 — 950 °C,7.35 g/cm’; 
2 — 1150 °C, 7.35 g/cm?; 3 — 950 °C, 6.9 g/cm; 4 — 1150 °C, 6.9 g/cm? 
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Fig. 2. Dependence of the increment of the relative contact surface area on the duration of isothermal exposure during sintering 
of the powder molding Distaloy HP-1+0.5%C for different initial densities and temperatures: 1 — 950 °C, 7.4 g/cm’; 
2 — 1150 °C, 7.4 g/cm?; 3 — 950 °C, 6.6 g/cm; 4 — 1150 °C, 6.6 g/cm? 
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With increasing temperature and sintering time, the contact surface area monotonically increased, the intensity faded 
as the sintering duration increased. 

In molds made of ABC100.30 pure powder with the addition of graphite to the charge, the contact surface developed 
more intensively compared to molds made of Distaloy HP-1 powder. This could be explained. The fact was that smaller 
particles of copper, nickel and molybdenum were baked to the surface of the iron particles of Distaloy HP-1 powder. 
They formed solid solutions in Fey, which complicated the course of diffusion processes (compared to pure metal). As a 
result, the growth of the contact surface slowed down. 

The intensity of the contact surface formation depended on the initial relative density. An increase in this indicator 
slowed down the process, since the approach of the material structure to a non-porous state reduced the driving force of 
consolidation. 

The addition of graphite to the charge slowed down the growth of the contact surface. This was due to a decrease in 
the self-diffusion coefficient of iron atoms, especially at the initial stage of sintering in contact areas with high carbon 
content. 

Let us see how the carbon content affected the strength of sintered alloys under different sintering modes (Fig. 3, 4). 
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Fig. 3. Dependence of the strength limit of the sintered molding from ABC100.30+0.5% C powder on the time of isothermal 
exposure and the initial density: 1 — 6.9 g/cm?, 950 °C; 2 — 6.9 g/cm?, 1150 °C; 3 — 7.35 g/cm, 950 °C; 
4 — 7.35 g/cm?, 1150 °C 
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Fig. 4. Dependence of the strength limit of sintered molding from Distaloy HP—1+0.5%C powder on the time of isothermal exposure 
and initial density: 1 — 6.9 g/cm’, 950 °C; 2 — 6.9 g/cm?, 1150 °C; 3 — 7.35 g/cm?, 950 °C; 
4 — 7.35 g/cm}, 1150 °C 


The ultimate strength of the material based on ABC100.30 powder with a carbon content of 0.5 % was 610 MPa, the 
ultimate strength of the material based on Distaloy HP—1 powder with a carbon content of 0.5 % was 508 MPa. 


According to the results of mechanical tests and the value of the tensile strength of the reference samples, the 
relative area of the contact cross section with intracrystalline bonding (a’ICB) was determined depending on the initial 
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density and sintering modes of molds made of ABC.100.30+0.5%C (Fig. 5) and DistaloyHP-1+0.5%C (Fig. 6) 


powders. 
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Fig. 5. Kinetics of the development of intracrystalline bonding on the contact surface, depending on the sintering modes and the 
initial density (ABC.100.30+0.5%C): a — 6.9 g/cm?; b — 7.2 g/cm; c — 7.35 g/cm}. 1 — 950 °C; 2 — 1050 °C; 3 — 1150 °C 
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Fig. 6. Kinetics of the development of intracrystalline bonding on the contact surface depending on the sintering modes and the initial 


density (DistaloyHP-1+0.5%C): a — 6.6 g/cm?; b —7 g/cm*; c — 7.4 g/cm’. 
1 — 950 °C; 2 — 1050 °C; 3 — 1150 °C 


The presented dependences indicate that the introduction of graphite into the charge intensified the processes of 
formation of intracrystalline bonding in comparison with materials from a carbon-free charge. The results of the 
research coincided with the data of works [9-11]. 

During sintering at heating and isothermal exposure, the surface layers of iron and graphite particles continuously 
interacted through their contact areas (including the gas phase) [12-15]. Let us note that carbon was an active reducing 
agent of iron oxides, therefore, at temperatures above 500—600 °C, reduction reactions occurred at the places of contact 
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of iron particles with graphite. This contributed to the formation of juvenile contact with subsequent particle fusion. 
Favorable conditions were created for the formation of a carbon-containing gas medium due to reactions between 
graphite and iron particles. The reduction processes were intensified due to a significant increase in the kinetics 
of chemical reactions at the metal — gas interface. The growth was fixed relative to the diffusion coefficients in the 
contact areas of iron particles with graphite and over the entire surface of the particles. Surfaces in contact with the 
furnace atmosphere were also taken into account. At the same time, carbon diffused into iron particles through the 
formed metal contacts on the surface of the particles. Before the transformation of a — y, the formation of a phase 
in the contact points of cementite was most likely. This phase had a more significant carbon diffusion coefficient at the 
temperatures under consideration. This was due to the insignificant dissolution of carbon in a-iron and slow diffusion 
in ferrite. 

If the contact surface of the iron powder material developed more intensively than that of the doped powder 
material, then it was the latter that should be preferred when forming intracrystalline bonding. 

Intracrystalline bonding is formed in two stages: 

— isothermal aging of the molding in the austenitic region; 

— cooling with the decomposition of austenite into a ferrite-cementite mixture. 

The role of the second stage consisted in the predominant development of the interparticle bonding surface as 
aregion of facilitated nucleation of ferrite grains and cementite plates that ensured the migration of the boundary 
through the surface of the physical separation of particles. This was confirmed by the results of microstructural analysis. 
Fig. 7-10 shows the microstructures of the material with different levels of interparticle bonding. 


Fig. 7. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1050 °C for 40 minutes, x200 


Fig. 8. Microstructure of the sample from Distaloy HP—1+0.5%C powder after sintering at 1050 °C for 20 minutes, x200 


The presented microstructures are characteristic of a low level of bonding, since the boundary of the powder 


particles is clearly visible. 
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Fig. 9. Microstructure of the sample from ABC100.30+0.5%C powder after sintering at 1150 °C for 40 minutes, x500 


Fig. 10. Microstructure of the sample from Distaloy HP—1+0.5%C powder after sintering at 1150 °C for 40 minutes, x500 


Nonmetallic inclusions identify the former boundary of the physical separation of particles through which ferrite 
grains germinate. That is, the former particle interface is located inside the grain, and this is a sign of intracrystalline 
bonding [16]. 

Discussion and Conclusion. The results of the work allow us to assert that during sintering, the mechanisms of 
formation of intracrystalline bonding are different in intensity [5, 9, 16]. At first, the bonding is fast, then its speed 
decreases. Compressions with the lowest values of the initial density are characterized by the longest duration of the 
process of accelerated development of intracrystalline bonding, which is observed at the first stage. Moreover, with an 
increase in the sintering temperature, the intensity of this stage increases. The formation of intracrystalline bonding on 
the entire contact surface is observed in molds obtained under sintering conditions at a temperature of 1150 °C. The 
peculiarity of molds made of DistaloyHP—1 and ABC100.30 powders has been experimentally established. Under 
sintering conditions, intracrystalline bonding occurs within 60 and 80 minutes, respectively. 
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O6 aemopax: 

Maxkcum Cepreesuy Eropos, kaHaufaT TeXHHYeCKHX HayK, JOUCHT, 3aBeAyIOWMU Kacezpou MaTepvaroBeyzeHuA 
WM TeXHOJIOrHH MeTaswioB JjoHCKOoro rocyfapcTBeHHOrO TexHHYecKoro yHuBepcnteta (344003, P®, r. Poctos-Ha-JJony, 
mu. Darapuua, 1), ORCID, ScopusID, ResearcherID, AuthorID, aquavdonsk @mail.ru 
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Pumma Buxtoposna Eroposa, KaHquyaT TeXxHH4eCKHX HayK, JOWeHT Kactbezpbl KHOepbe3zonacHoctn JoHcKoro 
rocyapcTBeHHoro TexHW4ecKoro yHuBepcuteta (344003, Pd®, r. Pocros-Ha-Jlony, mu. Tarapuua, 1), ORCID, 
ScopusID, AuthorID, rimmaruminskaya@ gmail.com 


3aA6NeHHbIU BKIAO Coaemopos: 

M.C. Eropop — dopmMupoBpaHve OCHOBHOM KOHIeMIMH, Wem HU 3afa4du VWcCIeqOBaHuA, pacdeTbI, MOATOTOBKAa 
TeKcTa, POPpMyJIMpOBaHHe BBIBOIOB. 

P.B. Eropopa — Hay4Hoe PyYKOBOACTBO, aHaJIM3 pe3ybTATOB UCCeqOBaHHu, WopadoTKa TeKcTa, KOppeKTHpoBKa 
BBIBOJOB. 


Kougauxm unmepecose: aBTopbl 3aABIAIOT OO OTCYTCTBHH KOHDJIMKTa HHTepecos. 


Bce aemopbi npOYUmMaU U odo6punu OKOHYAMENbHbIU 6apuaHm PyKonucu. 
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